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Introduction

Results and Discussion

Over the course of this century, average global temperature is
expected to rise somewhere between 1.7°C and 4.9°C if no steps to
mitigate climate change are taken (Karl and Trenberth, 2003). Evidence
such as shrinking glaciers and upslope shifts of plant and animal ranges
have identified mountain regions as some of the most sensitive areas on
the planet to climate change (Kohler et al., 2010). Across large regions of
North America, warming global temperatures are expected to
detrimentally reduce mountain snowpack accumulation and duration
during the winter months (Harpold et al., 2012; Kapnick and Hall, 2012),
with lower elevation slopes facing the sun expected to be impacted the
most (Scherrer et al., 2004; Lopez-Moreno et al., 2014).
Mountain resorts are reliant on the winter months to generate a
significant portion of their income through the ski industry (Thompson,
2012). In order for snow to form and accumulate, air and surface
temperatures must be at or below freezing, and atmospheric water
vapor content must be minimal (NSIDC, 2017). When winters are
extraordinarily warm, or snowfall amounts are below average, many
resorts turn to artificial snowmaking to supplement natural snowfall, but
this is only meant to be a temporary fix (Steiger and Mayer, 2008). By
2100, experts have predicted that many alpine ski resorts could lose up
to 70% of natural snow cover (Willsher, 2017).
This study attempts to identify the regions in the contiguous United
States where conditions may fall out of favor for the ski industry by
means of reduced snowpack. As with any modeling project, the models
generated in this study are merely one potential representation of how
climate change may impact the ski industry. Many variables are used,
and climate data itself is already an estimation of a possible outcome,
signifying that the final models presented here are only an
approximation with a high amount of inherent variability.

Areas subject to climate changes from 2017 to 2070 that fall completely out of favor
for the ski industry can be observed in Figure 1. Final model outputs of potential climate
change impact can be observed in Figure 2. Even though the climate change impact
models had the ability to generate negative scores indicating an increase in conditions
favorable to snowpack, every location in the contiguous US generated a positive score
before normalization (Table 3). As expected, the range of scores for the medium and high
impact models shifted upwards and expanded when compared to the models of lower
impact. These results indicate that the climate of the entire contiguous US is moving away
from favorable snowpack conditions regardless of impact model, falling in suit with other
climate change models of the region which have pointed to rapid warming in the near
future (Karmalkar and Bradley, 2017). Therefore, every ski resort across the contiguous US
may face increasingly adverse conditions in the years to come due to climate change.
The average potential climate change impact scores for each full model run were
strikingly similar, with scores of 34.3, 35.7, and 36.2 for the low, medium, and high impact
models respectively (Fig. 3). Amongst these models, the only significant difference was
found between the low impact and high impact averages (t-test, p < 0.05), indicating only
a slight increase in average impact by climate scenario. For the low impact model run,
55.9% of resorts were scored as having low risk, 42.1% moderate risk, and 2.0% high risk
of experiencing adverse conditions in 2070 (Fig. 4). For the medium and high impact
models, results were similar, with roughly 49.0% of resorts falling into low and moderate
risk categories, and 2.0% falling into the high risk category. These results demonstrate
that, according to the models of this study, most ski resorts will experience a low-tomoderate impact from climate change respective to their peers regardless of climate
change impact on the ski industry. The resorts predicted to experience the most
detrimental climatic shifts are those where the air and surface temperature are shifting
from below to above freezing over the course of 2017 – 2070 (Figs. 1, 5).
The model run with a reduced number of variables produced an average normalized
score significantly higher than the high impact model’s average normalized score (Fig. 3, ttest, p < 0.001). This model also predicted that only 18.0% of resorts will experience a low
impact from climate change, while 76.5% will experience a moderate impact, and 5.5% a
high impact (Fig. 4). The increase in overall scores is likely due to the different
contributions of the variables present. Many variables with potential negative
contributions to the final score were removed, while those kept had largely positive
reclassifications leading to higher overall scores. Additionally, the reduced variable model
was run in order to determine if fewer variables could explain the results found by the full
models. The differing conclusions reached by the reduced model indicate that variables
not tested by it are contributing heavily to the final products of the full models.
With conditions falling out of favor for snowpack, resorts may be forced to supplement
natural snowfall with increasing amounts of artificial snow. This may put a large economic
strain on resorts that lack sufficient snowmaking infrastructure to generate adequate
coverage, or those resorts that may have to pour large amounts of resources into
snowmaking. Importantly, snowmaking can have detrimental impacts on the
environment. Land must be cleared to install systems, energy and water resources are
consumed, and sometimes these water sources are laced with contaminants (O’Connor,
2012). The model generated in this study can be used to identify areas where clean
snowmaking efforts should be maximized.
The models generated by this study are only one possible depiction of how climate
change may affect ideal ski conditions. As few studies exist examining the contributions of
bioclimatic variables to snowpack generation in a warming world, the impacts and
weights of each variable were estimated in these models. Varying the importance of each
variable in any model can lead to changed outcomes, leading to the conclusion that
further studies are needed in order to hone the accuracy of these models. Some of the
variables in this study may also have been correlated, such as air and surface
temperature, leading to an overrepresentation of temperature’s importance to the impact
models, potentially yielding inaccurate representations of how climate change will affect
snowpack. Another limitation of this study was the availability of high-resolution climate
data for both present day and future conditions. Low resolution climate data hinders
accurate representation of local conditions, especially along the borders of pixels. Finally,
the climate change models that generated the data used in this studies are estimations of
clime change themselves, and represent only one possible change scenario.

Figure 1. Areas of the contiguous US that will undergo climate changes causing
them to fall out of favor for the ski industry from 2017 to 2070. These areas will no
longer be below freezing, or will no longer experience any snowfall.

Figure 5. Locations of ski resorts in the contiguous US and their assigned
normalized modeled climate impact score based off of the medium climate
change impact model.

a

b

c

d

Methods

Figure 2. Impact of climate change in the year 2070 on the ability to generate snowpack in the contiguous US in relation to ski resorts. (a) Model run assuming low
impact of variables associated with climate change. (b) Model run assuming medium impact of variables associated with climate change. (c) Model run assuming a high
impact of variables associated with climate change. (d) Model run with a reduced number of variables and assuming a medium impact of climate change variables.
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ArcGIS version 10.3.1 was used to manipulate and display all data
used in this project. Climate data for current (February, 2017) and future
(February, 2070) snow thickness, snow flux, surface temperature, and
atmospheric water vapor content were downloaded from the University
Corporation for Atmospheric Research (UCAR) at a resolution of 1 degree
for the International Panel on Climate Change (IPCC) A1B emissions
scenario (1). Climate data for current (2017) and future (2070) air
temperature and precipitation during the coldest quarter of the year
were downloaded from WorldClim at a resolution of 30 seconds for the
IPCC RCP 4.5 emissions scenario under the CCSM4 climate model (2).
Elevation data (GTOPO30) was acquired from the USGS (3), while data
containing all the ski resorts in the contiguous US were downloaded
from Trimble’s Data Marketplace (4). All data projected in NAD 1983
(2011) USA Contiguous Albers.
Climate data downloaded from UCAR were converted to rasters, and
the changes in all climate variables across the US from 2017 to 2070
were computed. Elevation data was converted into slope aspect data.
Areas were identified that will exhibit a shift from at or below freezing
air or ground temperature or having snowpack in 2017, to above freezing
air or ground temperature or without snowpack in 2070. UCAR data was
filtered to smooth transitions across data cells. The total list of variables
incorporated into the final models can be observed in Table 1.
Rasters for each climate variable and geographic
Table 1. Variables
attribute were reclassified so that increasingly
used in full climate
positive
values indicated increasing shifts away from
impact model runs.
favorable ski conditions, while increasingly negative
values indicated increasing shifts towards favorable
ski conditions. These reclassified values were then
summed up by location, resulting in a final model
representing climate change’s impact on ski
conditions. To simulate a low, medium, and high
impact of climate change on the ski industry, the
weights of variables representing changing climate in
the model were adjusted accordingly, resulting in
three final models. Climate change impact scores for
each final model were normalized to a 1-100 scale
using the equation y = (x-[MIN])*(100)/([MAX][MIN]), and assigned to each ski resort, representing
the potential impact of climate change on resort
snowpack (Table 2).
This modeling process was repeated with a reduced number of
variables (change in air temperature, change in precipitation, absolute
temperature in 2070, elevation and aspect) and weighting equal to that
of the medium impact model to determine if these variables were
driving the initial climate impact models. These variables were chosen as
they have been identified as leading causes for reduced snowpack in a
warming world (Harpold et al., 2012; Scherrer et al., 2004; LopezMoreno et al., 2014).
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Figure 3. Mean (± 1 SE) modeled climate change impact scores for ski
resorts by model run (n = 684). Mean scores increased significantly for the
full model runs only from the low to high climate change variable impact
runs (t-test, p < 0.05). The reduced variable model run produced a mean
score significantly higher than every full model run (t-test, p < 0.001).

Figure 4. Percent of ski resorts falling within each climate impact risk category
by model run. For all three full model runs, most resorts fell within the low to
moderate risk categories, indicating an average low-to-moderate risk for resorts in
the face of climate change. For the reduced variable run, most resorts fell within
the moderate risk category.

Table 2. Classification of ski resort risk category by normalized modeled climate
change impact score.

Table 3. Ranges of raw modeled climate impact score by model
run.
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